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The ability to concentrate the urine was an essential step in the
adaptation of animals to life in a terrestrial environment. Only
mammals and birds produce a urine which is hypertonic to
plasma. A concentrated urine is formed in the kidney collecting
duct in response to vasopressin by the massive reabsorption of
water from luminal fluid. The most prominent feature of water
transport in the collecting duct is the rapid and large change in
water permeability induced by vasopressin. In isolated perfused
rabbit collecting duct segments, for example, the lag time between
the addition of vasopressin and the appearance of an increase of
water permeability is less than 30 seconds [1], and more than
10-fold increases in water permeability have been reported [2, 3].
The mechanisms responsible for this drastic change in water
permeability have been studied extensively over the past three
decades. Current models, as reviewed by Jo and Harris in this
issue, hold that the vasopressin-induced changes in water perme-
ability are due to the insertion and retrieval of "water channel"
proteins to and from the apical membrane of collecting duct cells.
There is now abundant functional and morphological evidence
supporting the presence of water channels in the apical membrane
of collecting duct. Following the discovery of AQP-CHIP as the
first identified water channel protein [4, 5], which is present in
many water transporting tissues including the kidney proximal
tubules and thin descending limb of Henle [6—8], we succeeded in
cloning another water channel, AQP-CD, which is expressed in
collecting ducts [9]. Accumulating evidence indicates that
AQP-CD is the vasopressin-regulated water channel of collecting
duct. Very recently we have also cloned an additional water
channel protein, named AQP3, which is expressed at the basolat-
eral membrane of collecting ducts of the kidney [10]. This review
will focus mainly on these collecting duct specific water channels.
Water transport in the collecting duct
Early micropuncture studies demonstrated that about 60% of
the glomerular filtered water is reabsorbed in the proximal tubules
in an isosmotic manner following NaCI reabsorption. In the thick
ascending limb of Henle, where the tubular water permeability is
extremely low, active NaCI reabsorption renders the luminal fluid
hypotonic. At the beginning of distal tubule (this point is now
shown as the beginning of the surface cortical collecting duct), the
luminal osmolarity is 140 mOsm and it rapidly equilibrates with
the surrounding osmolarity of 290 mOsm when the luminal fluid
reaches the late surface cortical collecting duct [11]. Thus, as
much as 20% of the glomerular filtered water is reabsorbed over
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a short distance of surface cortical collecting duct. A rough
calculation indicates that the total intracellular water of cortical
collecting duct cells is replaced more than three times per minute
if all this water reabsorption passes through the cells. Water is also
reabsorbed by the remaining collecting duct segments, but the
amount is far less than that by the initial portion.
The collecting duct can be functionally and morphologically
divided into three segments; cortical collecting duct (CCD), outer
medullary collecting duct (OMCD), and inner medullary collect-
ing duct (IMCD) [121. Osmotic water permeability (P1) of these
segments without stimulation of vasopressin is low at about 20
jim/s and vasopressin dramatically stimulates Pf more than 10
times in all three segments. The reported Pf values after vaso-
pressin stimulation in these segments vary from 200 to 1000 jim/s
[2, 31. It has been reported that the in vivo water balance of
experimental animals modulates the Pf responses of their collect-
ing duct segments studied in vitro [13]. This effect could be one of
the reasons for the variability in Pf among different laboratories.
The reasons for this "memory' effect is not clear, but our
preliminary data indicates that the stimulated production and
redistribution of AQP-CD protein may contribute to this regula-
tion (see below).
CCD and OMCD are composed of two cell types, principal and
intercalated cells, while the terminal two-thirds of the IMCD is
composed of a single cell type, IMCD cells. The Pf values of
individual apical and basolateral cell membranes of in vitro
perfused CCD [14] and IMCD [15] have been measured using
quantitative imaging techniques. The values of apical membrane
Pf of these three cell types without vasopressin were similarly low
around 20 jim/s (the values were corrected for surface area
including membrane infoldings and microvilli). On the other hand
the values of basolateral membrane Pf of these cells were higher
than those of apical membrane ranging from 70 to 120 jim/s.
Vasopressin increased Pf of the apical membranes of principal,
intercalated, and IMCD cells about fourfold, but it did not alter
the basolateral membrane Pf [14, 15].
These data clearly indicate that the apical membrane is the rate
limiting membrane for water transport across the three cell types
of collecting duct segments, and that the vasopressin-regulated
water channel is present in these membranes. That vasopressin
regulates water transport in intercalated cells, however, is not
supported by other studies [16, 17]. Since the basolateral mem-
brane surface area is at least seven times greater than that of the
apical membrane, if the above values are expressed relative to the
smooth membrane area (not corrected for membrane infoldings),
the overall Pf of basolateral membranes is —27 times larger than
that of apical membranes. Such a high P1 at the basolateral
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Fig. 1. Immunohistochemical localization of
AQP-CD in the rat kidney medulla. The staining
is limited to collecting duct cells and is more
intense at the apical region.
membrane would serve to protect the cytosol against dilution in
the face of a massive influx of water from the lumen. Therefore,
we can expect that: (1) the vasopressin-regulated water channels
are present at the apical membrane of principal cells and IMCD
cells, (2) the basolateral membranes of both principal and inter-
calated cells may have constitutive water channels(s) whose water
permeability is more efficient or expression is more abundant than
that of the vasopressin-regulated water channel.
Cloning and characterization of the apical membrane water
channel of collecting duct (AQP-CD)
The functional expression of in vitro-transcribed mRNA of red
blood cell membrane protein, CHIP28, was a milestone in the
research of water transport [5]. AQP-CHIP belongs to an ancient
family of channel-like membrane proteins called the MIP family
[4]. Since the cDNA cloning of MIP [18], many additional proteins
have been identified as members of this family, and the members
are distributed in diverse organisms from bacteria to mammals.
This family probably arose from a common ancestor gene and has
several common characteristics: it has six putative membrane
spanning domains, internal tandem repeats, and conserved three
amino acid motifs, Asn-Pro-Ala (called NPA boxes) [19—21].
Immunohistochemical studies using a specific antibody against
AQP-CHIP showed that this protein is present in renal proximal
tubules and thin descending limb of Henle as well as many other
tissues in the body characterized by high water permeability [6—8].
Importantly, it was totally absent in the kidney collecting ducts.
Therefore, we speculated that a homologous protein to AQP-
CHIP should exist in collecting ducts and function as a vasopres-
sin-regulated water channel. A PCR cloning strategy was used
since this approach is quite powerful for the identification of new
members of a certain gene family. For the MIP family, PCR
cloning can take advantage of the conserved sequences of NPA
boxes. Using rat renal medulla mRNA as an initial template, we
cloned a new member of the MIP family with 42% amino acid
identity to AQP-CHIP, and named it WCH-CD (water channel of
collecting duct) [9]. Later it was renamed as aquaporin-CD
(AQP-CD) [22] or AQP2.
Northern blot analysis showed that AQP-CD mRNA was
exclusively expressed in the kidney and not in other tissues such as
the GI tract and lung. The expression was more predominant in
the medulla than in the cortex. RT-PCR along the nephron
segments showed that its expression was limited to collecting duct
segments from CCD to IMCD. A polyclonal antibody against a
synthetic peptide corresponding to C-terminal domain was raised
in rabbits. Immunohistochemical studies using the antibody
clearly showed that the staining was limited to collecting duct
segments (Fig. 1). The staining was strong at the apical and
subapical regions at light microscopic level. Injection of AQP-CD
cRNA into Xenopus oocytes induced a high water permeability
with a low Arrhenius activation energy, and the induced water
permeability was inhibited by 0.3 mrvi HgCI2 [9].
Further characterization of AQP-CD has been performed in
our laboratory and the accumulating evidence strongly indicates
that AQP-CD is the vasopressin-regulated water channel. Immu-
noelectron microscopy [23] showed that AQP-CD was present
along the membranes of cytoplasmic vesicles located at the
subapical region. The apical membrane was also immunostained,
but the frequency of staining at the apical membranes was far less
than the staining at the vesicle membranes. This localization of
AQP-CD is consistent with the expected localization based on the
shuttle hypothesis [24—26], but the amount of reservoir is some-
how larger than imagined. Identification of principal cells and
intercalated cells using an antibody against the H-ATPase
showed that intercalated cells of the CCD and OMCD are not
stained by the AQP-CD antibody consistent with the view of a lack
of vasopressin-regulated water transport in intercalated cells [16,
17].
Previous functional studies in collecting ducts and toad urinary
bladder predicted that the vasopressin-regulated water channel is
selective to water, and not permeable to other small solutes such
as urea [27, 28]. Radioisotope uptake studies showed that
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AQP-CD was not permeable to urea. AQP-CD also did not
permeate charged ions when determined by a standard voltage
clamp technique, confirming that AQP-CD is a water selective
pore.
Cloning and characterization of AQP3, a basolateral membrane
water channel of collecting duct
We have looked for other water channel molecules in the
kidney since the basolateral membrane of collecting duct cells,
which have a very high water permeability [14, 151, lacked
immunoreactivity for either AQP-CD or AQP-CHIP. Using the
same PCR cloning method, we recently cloned another water
channel protein which is selectively expressed in collecting duct
cells in he kidney. This protein also belongs to the MIP family and
was named AQP3 [10]. Surprisingly, a homology analysis indicates
that AQP3 is most homologous to the glycerol facilitator protein
of E. coli (GlpF) (42%) within the MIP family [29, 30]. Homology
to AQP-CD is 34% and to AQP-CHIP is 33%. A phylogenetic
analysis shows that AQP3 developed in a different branch from
the other water channels, AQP-CHIP and AQP-CD [10].
Northern blot analysis (Fig. 2) showed that AQP3 mRNA
expression was distributed in many organs, such as kidney, colon,
small intestine, stomach, lung, spleen, and urinary bladder, indi-
cating its function beyond urinary concentration. In the kidney,
mRNA expression in the medulla was larger than it in the cortex,
a pattern similar to AQP-CD. RT-PCR of dissected nephron
segments showed the exclusive expression only in the collecting
duct system from the CCD to the IMCD. Immunohistochemical
studies using a polyclonal antibody localized AQP3 to the baso-
lateral membrane of principal cells of CCD and OMCD and the
basolateral membrane of IMCD cells (Fig. 3). Again, intercalated
cells as well as other nephron segments were not stained.
The functional characterization of AQP3 was performed in
Xenopus oocytes [10]. The injection of AQP3 cRNA into oocytes
induced a water permeability as shown in Figure 4 and Table 1.
The osmotic water permeability was increased more than 10 times
and this induction was inhibited by a mercurial sulfhydryl agent,
HgCl2. Interestingly, the water permeability of AQP3 was inhib-
ited by 0.35 mr't phloretin, but this agent did not alter the water
permeability induced by AQP-CD.
Since AOP3 is most homologous to GlpF, we examined its
channel specificity by measuring the uptake of radiolabeled
solutes. AQP3 cRNA injection stimulated glycerol uptake four-
fold, and this uptake was again inhibited by HgCl2. As summa-28s rized in Table 1, the calculated glycerol permeability of AQP3-
injected oocytes was 2.3 X i0 cm/s. The activation energy of this
glycerol transport was 6.0 kcal/mol, a value larger than for free
aqueous diffusion but smaller than for movement through a lipid
18s bilayer (10 to 20 kcal/mol). Urea uptake was also measuredbecause it has been reported that GlpF slightly permeates urea
[311. The calculated urea permeability increased from 1.2 to 2.3 x
10_6 cm/s after AQP3 injection into the oocytes. This simulation
is one order of magnitude lower than that of the recently cloned
urea transporter [32]. This small urea transport by AOP3 was
completely blocked by a urea transport inhibitor, phioretin (0.35
mM). AQP3 expressed in oocytes did not induce permeabilities to
amino acids, glucose, and charged electrolytes [10]. Inhibition of
both water and glycerol transport by HgCI2 and phloretin indi-
cates that these small molecules pass through the same pore, and
the pore size of AQP3 may be slightly larger than that of
AQP-CD.
New insight into collecting duct water transport
Membrane shuttle hypothesis
According to the so-called "membrane shuttle hypothesis" the
vasopressin-regulated water channel is localized within the mem-
branes of cytoplasmic vesicles as a reservoir as well as in the apical
membrane [24—26]. Upon stimulation of collecting duct cells with
vasopressin, these vesicles are translocated to the apical mem-
brane resulting in an increase of the number of water channels in
the apical membrane. Immunoelectron microscopic studies by us
[23] showed that AQP-CD was present along the membranes of
cytoplasmic vesicles located in the subapical cytoplasm. The apical
membrane was also immunostained, but frequency of the staining
on the apical membranes was far less compared to the staining on
vesicle membranes. This indicates that localization of AQP-CD is
consistent with the expected location, but the amount of reservoir
is somehow larger than imagined. It will be necessary to quantti-
tate the amount of AQP-CD molecules in the apical membrane
before and after vasopressin stimulation to verify the shuttle
hypothesis. A key finding which should be demonstrated to
confirm the shuttle hypothesis is a rapid movement of AQP-CD
from cytoplasmic vesicle membranes to the apical membrane.
Endocytosis of water channel-containing vesicles from the apical
membrane has been extensively studied using vesicle preparations
[33], but thus far, the study of exocytosis has been limited to
indirect morphological examination using the freeze-fracture
technique in the toad bladder.
Different water channel proteins in the apical and basolateral
membrane of collecting duct
Our cloning, for the first time, established a molecular basis for
the generally accepted view that there may be different water
Fig. 2. Northern blot analysis of expression of .4QP3 mRNA. Reprinted
from Ishibashi et al [10]; used with permission.
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Fig. 3. Immunohistochemical localization of
AQP3 in the rat kidney outer medulla. The
staining is limited to the basolateral membrane
of collecting duct cells. Some cells lack
immunolabeling, implying the absence of AQP3
in the intercalated cells.
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Fig. 4. Functional expression ofAQP3 in Xenopus oocytes. Osmotic water
permeability was determined by measuring the hypotonic volume increase.
The effects of inhibitors, HgCI2 (Hg) and phloretin (Ph) were examined.
channel molecules in the apical and basolateral membranes of
collecting duct cells. There are many characteristic differences
between these two proteins, and some of them are discussed
below. In the rat, AQP-CD has consensus sequences for phos-
phorylation by A- and C-kinases, while AQP3 as well as AQP-
CHIP do not have such sequences. The phosphorylation site for
A-kinase, but not for C-kinase, is conserved in human AQP-CD
[34]. The presence of an A-kinase phosphorylation site raises the
intriguing possibility that the water channel function of AQP-CD
may be directly regulated by A-kinase.
Both AQP-CD and AQP3 exist only in principal cells of CCD
and OMCD and IMCD cells, but their locations are on opposite
plasma membranes. The opposite localization of AQP-CD and
AQP3 is an interesting observation and may provide a useful clue
Table 1. Functional expression study of AQP3 in Xenopus oocytes
water AQP3
P j_4 cm/s 20 200
P iO cm/s
l'urca 10—6 cm/s
0.5
1.2
2.3
2.3
Abbreviations are: Pf osmotic water permeability; gIy' glycerol perme-
ability; P.rca, urea permeability. Water represents the values obtained in
water injected oocytes.
to the molecular mechanisms of sorting of these proteins.
AQP-CD is present only in the kidney while AQP3 is distributed
among other water transporting tissues. Selective expression of
AQP-CD in the kidney strongly suggest that this protein is
engaged in a very specific kidney function, namely, urinary
concentration. Studies on the transcriptional regulation of the
AQP-CD gene will lead to an understanding of mechanisms of the
kidney specific expression.
The water transport activity of AQP-CD and AQP3 are similar
in the oocyte expression system and both are sensitive to mercu-
rial agents, but the sensitivities to phloretin are different. Also the
pore of AQP-CD is water selective, but that of AQP3 is perme-
able to other small solutes such as glycerol and urea, implying a
slightly larger pore of AQP3 than that of AQP-CD.
The responses of AQP-CD and AQP3 expression to dehydra-
tion are also different. Dehydration of rats up to five days
increased the expression of AQP-CD mRNA, but not that of
AQP3 and AQP-CHIP. This result, again, indicates that AQP-CD
is a regulated protein and this response represents an adaptive
change of the collecting duct leading to more efficient conserva-
tion of water.
Regulation of water transport in collecting ducts
In in vitro isolated perfused collecting duct segments, vasopres-
sin induces more than 10-fold increase in water permeability. How
is this large change explained in the light of new molecular
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information? Our study showed that, in the basal state, immuno-
staining of AQP-CD at the apical membrane is not so strong
compared to that on cytoplasmic vesicle membranes [231. After
the vasopressin stimulation, we found a tendency toward in-
creased staining of the apical membrane, but the increase in
staining intensity was far less than 10-fold. Clearly, a more
quantitative analysis of AQP-CD staining at the apical membrane
of the collecting duct, in parallel with water permeability mea-
surements, is critically needed.
Besides the shuttle hypothesis, another way to alter water
permeability of the collecting duct is via direct regulation of the
channel activity of AQP-CD. As stated above, in the C-terminal
region of the AQP-CD sequence there is one potential phosphor-
ylation site by A-kinase. Regulation of channel activity by phos-
phorylation has been observed in many ion channels. It is also
noteworthy that, in the MIP protein, A-kinase phosphoiylates
serine 243 which is located in the cytoplasmic C-terminal [35], and
alters its channel function [361. Preliminary results from our
laboratory indicate that the water permeability of AQP-CD
expressed in the oocytes is increased by cAMP application. Thus,
it is likely that a part of the effect of vasopressin in the collecting
duct is mediated by a direct phosphorylation of AQP-CD.
It is well-known that there is long-term regulation of urinary
concentrating and diluting capacity. Dehydrated subjects produce
a more concentrated urine than acutely ADH-infused subjects
[37, 38]. We observed in the rat that dehydration for five days
increased mRNA expression of AQP-CD, and that immunostain-
ing of AQP-CD became predominant along the apical membrane
of the collecting duct cells. These changes appear to be adaptive
responses to dehydration and are consistent with the above
human observations.
Clinical implications
Congenital nephrogenic diabetes insipidus (NDI) is a rare,
inherited disorder characterized by renal unresponsiveness to
vasopressin. Most cases of NDI appear to have an X-linked
recessive pattern of inheritance which is related to mutations in
the vasopressin V2 receptor gene located in chromosome X
[39—41]. However, ND! patients who did not show such an
inheritance, or whose V2 receptor did not show any abnormality,
have been reported [40, 42]. An abnormality in the AQP-CD gene
may be responsible for these patients. Human AQP-CD has been
cloned and its chromosomal mapping is assigned to chromosome
12q13 [34]. Interestingly, the MIP gene is also located within the
same region raising the possibility of a cluster of water channel
protein genes [43].
Since AQP-CD is the water channel of the rate limiting
membrane of collecting duct cells, the inhibition of this channel
will cause a pure water diuresis independent of solute absorption.
The development of such inhibitors may be useful to many
patients who cannot be successfully treated with current diuretics,
especially those with hyponatremia.
The physiologic significance of AQP3 is less clear at present. Its
expression in GI tract, especially in the colon, is noteworthy.
AQP3 may contribute to water reabsorption in theGi tract. If this
is the case, regulation of this channel's function may open new
avenues for the control of abnormal states of GI tract water
metabolism such as constipation and diarrhea. Its function as a
glycerol permeating pore may also have clinical relevance. For
example, does it account for glycerol absorption in the intestine?
Does it permeate glycerol in the choroid plexus when glycerol is
administered clinically for the purpose of reducing brain edema?
Clearly, extensive studies of water channel proteins on the basic
and clinical levels are needed.
Reprint requests to Sei Sasaki, MD., Second Internal Medicine, School of
Medicine, Tokyo Medical and Dental University, 1-5-45, Yushima, Bunkyo-
Ku, Tokyo 113, Japan.
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